We performed a molecular line survey of 82 high-mass protostellar objects in search for inflow signatures associated with high-mass star formation. Using the H 13 CO + (1−0) line as an optically thin tracer, we detected a statistically significant excess of blue asymmetric line profiles in the HCO + (1−0) transition, but nonsignificant excesses in the HCO + (3−2) and H 2 CO (2 12 −1 11 ) transitions.
INTRODUCTION
High-mass stars (Mass > 8 M ⊙ , Luminosity > 10 3 L ⊙ ) have great physical and chemical importance in the interstellar environments. They affect energetics of galaxies via jets/outflows, strong radiation, and supernova explosions, and play a role in triggering next-generation star formation with the associated shocks. Furthermore, they enrich the surrounding systems and change chemical abundances.
In spite of the importance of high-mass stars, there still remain questions on their formation process due to difficulties arising from observational and evolutionary limitations. In order to investigate the formation of high-mass stars, it is necessary to identify sources in different evolutionary phases, especially protostellar stage, and understand their environments.
Gravitational collapse is the most important and fundamental key process in the early stage of star formation. Unfortunately, collapsing motion is relatively harder to observe than other motions (e.g. rotation, outflow). According to the "inside-out" collapse model and observations of low-mass protostellar cores (Shu 1977; Zhou et al. 1993; Myers et al. 1996; Evans 1999 Evans , 2003 , an asymmetric double-peaked velocity profile with higher peak at the blue-shifted part (hereafter, blue profile) can be a tool for detecting inflow signatures. The blue profile has dependences on the optical depth of the observed line and the velocity of the inflowing material. Therefore, finding adequate inflow tracers for target sources is needed to enhance our understanding. In this work, we study inflow motions toward high mass star-forming regions using several molecular transitions and try to identify suitable inflow tracers.
Although inflow motion is difficult to observe, several surveys detected statistically significant evidence of inflow motions via observations of blue profiles toward low-mass star-forming regions. The molecular line surveys with various transitions supported that active inflow motions exist regardless of the evolutionary stages of low-mass star formation (Gregersen et al. 1997 (Gregersen et al. , 2000 Mardones et al. 1997; Evans 2003) . Therefore, gravitational collapse is a generally accepted phenomenon for low-mass star formation both theoretically and observationally.
On the other hand, inflow studies of high-mass star-forming regions toward different samples in different inflow-tracing molecular lines show inconsistent fractions of blue asymmetries (Wu & Evans 2003; Fuller et al. 2005; Purcell et al. 2006; Wyrowski et al. 2006; ?; Reiter et al. 2011; He et al. 2015; Jin et al. 2016 , see Section 3.1 for detailed results). Such studies are expected to give us clues to understand the influence and importance of gravitational collapse on the formation and evolution of high-mass stars. Furthermore, they may enable us to discuss similarity between high-mass starforming process and the low-mass counterpart. However, it is difficult not only to characterize the evolutionary stages of high-mass star-forming regions but also to find appropriate inflow tracers.
Accordingly, there should be more comprehensive researches with advanced facilities toward adequate targets to understand the formation of high-mass stars.
In this study, we surveyed 82 high mass protostellar object (HMPO) candidates in multiple molecular lines by using single-dish telescopes to investigate the inflow motions via statistical analysis of the observed line spectra. We present the source selection criteria in Section 2.1 and the observational details in Section 2.2. Statistical analysis with line profiles are in Section 3.1 and identification of inflow candidates and examination of their characteristics are in Section 3.2. We discuss appropriateness of determination of profiles and statistics depending on sub-groups in Section 4. Finally, we conclude with a summary of the main results in Section 5.
SOURCE SELECTION AND OBSERVATIONS

Source selection
In order to find potential sites of early stage of star formation, Richards et al. (1987) proposed selection criteria for identifying bright compact molecular clouds from the IRAS (InfraRed Astronomical Satellite) point source catalogue. Meanwhile, Wood & Churchwell (1989) Palla et al. (1991) combined those two sets of criteria to discover bright infrared sources in the very early phases of highmass star formation without positional coincidence with known H II regions or extragalactic objects.
They found 260 IRAS point sources and distinguished them into two groups. In the IRAS color-color diagram of [25 − 12] and [60 − 12] , 125 of the 260 sources are in the region meeting the criteria of Wood & Churchwell (1989) , while the remaining 135 are outside the region. They classified the 125 sources as the High group and the 135 sources as the Low group. Molinari et al. (1996) Molinari et al. 1998) . We selected 72 of the 101 NH 3 -detected sources in the catalog of Molinari et al. (1996) : 47 High and 25 Low sources. We also added 10 High sources from the HMPO candidate catalogs of Walsh et al. (1998 Walsh et al. ( , 2001 , Hunter et al. (2000) , and Sridharan et al. (2002) . Table 1 presents the information of the 82 sources, such as the IRAS names, equatorial coordinates, kinematic distances (d kin ), and infrared luminosities (L IR ). We adopted the information from the original catalogs except the distances and luminosities for IRAS05391-0152 (Qin et al. 2008 ), IRAS06084-0611 (Gómez et al. 2002) , and IRAS07427-2400 (Kumar et al. 2002) .
Observations
We made single-point observations toward the 82 sources in up to five transitions, such as HCO
+
(1−0), HCO + (3−2), HCN (3−2), H 2 CO (2 12 −1 11 ) and H 13 CO + (1−0) lines. The used telescopes were the Caltech Submillimeter Observatory (CSO) 10.4 m, the Arizona Radio Observatory (ARO) 12 m, the Submillimeter telescope (SMT) 10 m, and the Korean VLBI Network (KVN) 21 m. Table 2 summarizes the observational details, including the observed transition, frequency, telescope, mainbeam size of the telescope, main-beam efficiency of the telescope, velocity resolution, and number of the observed sources. 
and
Here T thin is the brightness temperature of the optically thin line, H 13 CO + (1−0) in this work, and T bg is the background brightness temperature, which is assumed as 2.73 K. We assumed that the HCO + (1−0) line is optically thick (1− e −τ ≈ 1) and that both HCO + (1−0) and H 13 CO + (1−0) lines arise from the same volume with the same excitation temperature, T ex . The excitation temperature can be calculated from the equation
where T thick is the brightness temperature of the optically thick line, HCO + (1−0). As in most previous inflow studies (e.g. Mardones et al. 1997; Gregersen et al. 1997; Fuller et (Table 4) . Table 3 We are able to quantify the dominance of blue profile with respect to red profile by the nondimensional parameter, so-called blue excess (E), introduced by Mardones et al. (1997) : To evaluate the probability that the measured blue excess is produced by coincidence from a random distribution with the same numbers of blue and red profiles, we performed a binomial test (Fuller et al. 2005; ?; He et al. 2015; Jin et al. 2016 ) defined as
Here, N is the number of performances, V is the the number of successes, and p is the probability of occurrence in a single independent performance. In our case, N is the total number of blue and red profiles and V is the number of blue profiles. Table 4 also lists the derived values of P . The P value for the HCO + (1-0) line is 0.016, which implies that the estimated blue excess (E=0.20) is very unlikely to be generated by chance from an even distribution.
Inflow candidates
Since the sources in our sample were observed in multiple optically thick lines, one source can be classified as different profile types in different transitions. We thus identified strong inflow candidates as in some previous studies using the two criteria: 1) at least one blue (B) profile and 2) no red (R) profile (e.g. Mardones et al. 1997; Fuller et al. 2005 ). There are 27 sources satisfying the criteria. The inflow candidates are marked with asterisks in the first column of Table 3 (see also We derived the inflow velocities, v in , for 20 inflow candidates with blue HCO + (1−0) line profiles using the two-layer radiative transfer model of Myers et al. (1996) . The model assumes two uniform layers approaching toward each other with different excitation temperatures. The inflow velocity is determined by both optical depth and excitation temperature. The estimated inflow velocities range from 0.23 to 2.00 km s −1 with a median value of 0.49 km s −1 (Table 3) . These values are comparable to the estimates (0.1−1.8 km s −1 ) of Klaassen & Wilson (2007) for 8 high-mass star-forming clumps.
For further detailed studies, including measurements of the inflow region size and the inflow mass rate, the mapping observations of the blue profiles are required.
On the other hand, we also found 18 sources that have at least one red profile and no blue profile.
It is likely that the profiles might be affected by dynamics other than inflow motion. There are 12 sources with both blue and red profiles. They are all classified as High sources, and 7 of them show blue profiles in the HCO + (1−0) transition but red profiles in the HCN (3−2) transition.
DISCUSSION
Our sample is divided into two groups (Low and High) in the IRAS color-color diagram of [25 − 12] and [60 − 12] , as discussed in Section 2.1. The sources in the High group are believed to be in relatively more evolved stage than those of the Low group, although the two groups have similar distributions of infrared luminosities (Palla et al. 1991; Molinari et al. 1996 Molinari et al. , 1998 . We derive blue excesses separately for the Low and High groups. Table 5 presents the statistical results in all the optically thick transitions (see also Figure 2 ) and Figure 3 shows the distributions of blue-and redprofile sources in the two groups on the color-color diagram. In comparison with the High group, the Low group shows higher blue excesses in the HCO + (1−0) and H 2 CO (2 12 −1 11 ) lines but lower excesses in the HCO + (3−2) and HCN (3−2) lines. In case of the Low group, however, it should be noted that only the HCO + (1−0) and H 2 CO (2 12 −1 11 ) lines have statistically sufficient numbers of sources and so the blue excess estimates of the HCO + (3−2) and HCN (3−2) lines may not be meaningful. Thus, further observations for substantially large number of sources are required for the latter transitions to obtain more significant results for evolutionary study of inflow.
There are very few previous studies investigating the evolutionary effect in the inflow statistics, Fuller et al. (2005) are located in the inner Galaxy, but the distance ambiguity is not resolved for most of them.
As noted in Section 3.1, Wu & Evans (2003) found that the HCN (3−2) line shows a significant blue excess (E=0.21) for their sample and thus it is useful for tracing inflow motions toward UCHIIs and compact HII regions. However, we find that the transition is much worse tracer of inflow motions toward HMPOs in our sample than the HCO + (1−0) line. It is worthwhile to note that their sources are more massive and luminous as well as more evolved than ours, median mass of 8.
In fact, the critical density of the HCN (3−2) transition is two orders of magnitude larger than that of the HCO + (1−0) transition (Shirley 2015) . Therefore, we interpret that the HCO + (1−0) line, which has relatively low critical density, is better suited for investigating inflow motions in our sources than the HCN (3−2)
line. This seems to be consistent with the previous suggestion that the characteristic blue profile will show up only if the critical density of the molecular tracer is suitable for optical depth of the target (Myers et al. 1996; Wu & Evans 2003) .
Although the blue profile has been widely accepted as an evidence of infall motions, as noted earlier, it is sometimes tricky to interpret the signature due to other kinematics, especially for massive star-forming regions that are much more turbulent and distant than low-mass star-forming regions. Alternatively, the red-shifted absorption feature can be used to study inflow motions in massive star-forming regions because they are usually bright radio and infrared sources. For example, Wyrowski et al. (2012 Wyrowski et al. ( , 2016 observed 11 massive molecular clumps in the NH 3 3 2+ -2 2− line at 1.81 THz using the GREAT instrument onboard SOFIA (beam size = 16 ′′ ). They detected redshifted NH 3 absorption features with respect to the systemic velocities toward 8 sources, and derived the velocity shifts to be 0.3-2.9 km s −1 . Thier measurements are roughly in agreement with the estimated infall velocities of this study (see Section 3.2). These two kinds of studies utilizing blue profiles and red-shifted absorption features would complement each other.
CONCLUSIONS AND SUMMARY
We performed a survey of one optically thin and up to four optically thick molecular lines toward 82 HMPO candidates to understand gravitational collapse in the early stage of high-mass star formation.
To quantify asymmetries of the optically thick line profiles, we derived δv's of the individual sources in each transition and estimated the blue excess for our sample with δv=±0.25 as threshold values.
The main results are summarized as follows.
1. We obtained a statistically significant blue excess in the HCO + (1−0) line (E=0.20), but nonsignificant excesses in the HCO + (3−2) and the H 2 CO (2 12 −1 11 ) lines (E=0.09 and E=0.13, respectively). The HCN (3−2) line shows a negative blue excess of E=−0.15. The HCO + (1−0) line thus seems to be the suitable tracer of inflow motions in high-mass star-forming regions as some previous studies proposed (e.g. Fuller et al. 2005; ?) . On the contrary, the other lines do not appear to have suitable opacity and critical density for the appearance of blue profile toward most sources in our sample, and may be affected by dynamics other than inflow, such as outflow, rotation, turbulent motions.
2. We found 27 inflow candidates by adopting the criteria of Fuller et al. (2005) , namely, one or more blue profiles and no red profile. All of them are newly identified inflow candidates except one (IRAS05490+2658), which had been classified by Fuller et al. (2005) as an inflow candidate. We derived inflow velocities for 20 out of the 27 candidates using the two-layer radiative transfer model of Myers et al. (1996) . The estimated inflow velocities range between 0.23 and 2.00 km s −1 with a median value of 0.49 km s −1 . On the other hand, there are 18 sources that have red profile(s) but no blue profile. They might be more affected by dynamics other than inflow motion in the observed optically thick lines.
3. The sources in our sample are all HMPO candidates but they are known to be divided into two different evolutionary stages: Low and High groups. The statistical results for the Low group show that blue excesses in the HCO + (1−0) and H 2 CO (2 12 −1 11 ) lines, of which the number of both groups are statistically meaningful, are slightly higher than those for High groups. We also estimated blue excesses for a subsample of sources at relatively small (≤6 kpc) distances and obtained less significant excesses than those for the entire sample. This is not consistent with the result of Fuller et al. (2005) .
This discrepancy may be caused by large uncertainties in determining the distances to the sources in our and their samples.
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